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Recently we have reported the direct observation of two-dimensional (2D) 
Ca–Cl crystals on reduced graphene oxide (rGO) membranes, in which the 
calcium ions are only about monovalent (i.e. ~+1) and metallic rather than 
insulating properties are displayed by those CaCl crystals1. Here, we report the 
experimental observation and demonstration of the formation of graphene–Ca–
Cl heterojunction owing to the metallicity of 2D Ca–Cl crystals, unexpected 
piezoelectric effect, room-temperature ferromagnetism, as well as the distinct 
hydrogen storage and release capability of the Ca–Cl crystals in rGO membranes. 
Theoretical studies show that the formation of those abnormal crystals is 
attributed to the strong cation–π interactions of the Ca2+ with the aromatic rings 
in the graphitic surfaces. Since strong cation–π interactions also exist between 
other metal ions (such as Mg2+, Fe2+, Co2+, Cu2+, Cd2+, Cr2+ and Pb2+) and graphitic 
surfaces2, similar 2D crystals with abnormal valence state of the metal cations and 
corresponding abnormal properties as well as novel applications are highly 
expected. Those findings further show the realistically potential applications of 
such abnormal CaCl material with unusual electronic properties in designing 
novel transistors and magnetic devices, hydrogen storage, catalyzer, high-
performance conducting electrodes and sensors, with a size down to atomic scale.   
 
Since the discovery of C60
3, carbon nanotubes4 and graphene5, carbon 
continuously produces surprises. Up to now, most of the studies focus on the 
morphologies and properties of those carbon-based structures and their complexes with 
other components having normal stoichiometry. 3D and 2D Na–Cl and K–Cl systems 
with abnormal stoichiometries at extreme conditions, such as under high pressure6 or 
on graphite/graphene7 under ambient conditions have been reported in the last few years.  
 
Recently, we have directly observed that the metallic 2D Ca–Cl crystals with about 
monovalent calcium ions on rGO membranes could be formed under ambient 
conditions1. Such metallic 2D Ca–Cl crystals are obtained by soaking rGO membranes 
in CaCl2 solution below the saturated concentration under ambient conditions as 
described in our last work1 (see PS1 of Supplementary Information, SI).  
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Figure 1 | Heterojunction behavior of the dried Ca–Cl@rGO membrane. The current–
voltage plot shows a typical rectification behavior of the dried Ca–Cl@rGO membrane (red 
curve) compared with the dried rGO membrane (blue curve) under ambient conditions. 
The metallic two-dimensional (2D) Ca–Cl crystals with monovalent calcium ions 
were proposed to have novel properties and greatly potential applications1. To 
demonstrate the existence of the “graphene–Ca–Cl” junction as theoretically suggested 
in our last work1, we have measured the current–voltage response of the dried Ca–
Cl@rGO junction membrane under positive and negative gate voltages. As a result, the 
current–voltage curve shows obviously asymmetric response, indicating that such 
junction indeed has typical rectification behavior (Fig. 1). Further, the ~+1 valence in 
these CaCl crystals provides distinct adsorption capacity with hydrogen storage, which 
not only can fill the insufficient adsorption of metallic calcium atoms but also overcome 
the exorbitant absorption of +2 calcium ions (Fig. 2, and see PS12 of SI for more 
information). 
 
4 
 
 
Figure 2 | H2 adsorption and desorption isotherms of the dried Ca–Cl@rGO and rGO 
membranes at 77 K. The hydrogen adsorption and desorption curves of the rGO membrane 
are shown in blue and navy, respectively. The hydrogen adsorption and desorption curves of 
the dried Ca–Cl@rGO membrane are shown in red and purple, respectively. 
 
Ca–Cl crystals in rGO membrane possess the unexpected piezoelectric property. 
DFT calculations show that, for 5% geometric elongation along the x direction, the 
charge distribution of the Ca, Cl and C atoms in model I has significant relocation (Fig. 
S30). Our experiment, where a dried Ca–Cl@rGO membrane was connected by two 
Cu foil electrodes (Figs. 3a and 3b), shows a maximal output voltage of ~4 mV when 
the membrane is bent with an angle of 90° (Fig. 3c), and the voltage decreases, reaches 
zero and may even overshoot to negative values when we remove the bending force. In 
contrast, we cannot detect a visible output voltage for the rGO membrane with the same 
bending angles. The voltage of the Ca–Cl@rGO membrane increases with increasing 
bending degree (Fig. 3d). 
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Figure 3 | Piezoelectric effect of the dried Ca–Cl@rGO membrane. a, Photo of the system 
in piezoelectricity measurement. A dried Ca–Cl@rGO or a dried rGO membrane is connected 
by two Cu foil electrodes fixed by flexible plastic plates. b, Photo of the system in 
piezoelectricity measurement of the dried membrane bent to a certain angle c, Typical voltage 
responses from a dried Ca–Cl@rGO membrane and a dried rGO membrane under periodic 
strain as a function of time for bending angles up to 90°. d, Piezoelectric outputs from a dried 
Ca–Cl@rGO membrane (red dots) and a dried rGO membrane (blue squares). The mean values 
and standard deviations of the output potentials were calculated from ten technical replicates. 
 
Room-temperature ferromagnetism of the Ca–Cl crystals in rGO membrane was 
also experimentally observed and demonstrated. Fig. 4 shows that the saturation 
magnetic moment (Ms) of the dried Ca–Cl@rGO membrane is ~2.1 emu/g at 300 K, 
whereas Ms = ~0.4 emu/g for the rGO membrane at the same temperature, showing a 
~400% enhancement of magnetism by only introducing ~5% (wt) calcium to the 
membrane. Our calculations suggest that the possible origin of such strong 
ferromagnetism is the edge or defect effects of the CaCl crystals where there is an 
unpaired valence electron in Ca+, and the saturation magnetic moment computed is 
consistent with the experimental observations (see PS11 of SI for more information).  
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Figure 4 | Magnetic moment M versus applied magnetic field H of the dried rGO and Ca–
Cl@rGO membranes at 300 K after subtraction of the linear diamagnetic background. 
The inset shows a low-field zoom of two curves from the main panel where excess moments 
and coercive force are seen clearly. The magnetic field is set to be perpendicular to the sample 
surface. 
 
To summarize, based on the discovery of 2D CaCl crystals with unconventional 
stoichiometries1, here we have experimentally demonstrated that the ~+1 valence of Ca 
ions possess various novel properties including metallic property and resulted 
graphene–Ca–Cl heterojunction, unexpected piezoelectric effect, room-temperature 
ferromagnetism, as well as the distinct hydrogen storage and release capability.  
 
Such abnormal Ca–Cl crystals are attributed to the strong cation–π interactions 
between Ca2+ and aromatic rings in the graphene surfaces. We expect similar abnormal 
crystals for other metal cations2,7-14. In fact under ambient conditions, Cu–Cl crystals 
with +1 copper ions can stably exist for several days (see PS7 of SI) and have room-
temperature ferromagnetism (see PS11 of SI). This would help to overcome the 
difficulty of the short life time in the application as catalyzers for the +1 copper ion15. 
We note that it is highly expected that every metal element has room-temperature 
ferromagnetism via forming the correspondingly abnormal 2D crystals with an 
unpaired valence electron in the metal ions. Further, considering the wide distribution 
of metallic cations and carbon on earth, such nanoscale “special” compounds with 
previously unrecognized properties may be ubiquitous in nature. 
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